We have obtained for the rst time 2.10{2.45 micron infrared spectra of the soft Xray transient V404 Cygni. We determine a 95 percent con dence upper limit to the fraction of light arising from the accretion disc of 14 percent. The e ect this has on the mass of the compact object, determined from modelling the infrared ellipsoidal variations, is to reduce its mass to at most 10 M .
INTRODUCTION
The soft X-ray transients (SXTs), sometimes referred to as \X-ray novae", are low-mass X-ray binary systems in which a late-type star loses material via an accretion disc to a neutron star or black hole. They undergo brief outbursts, typically lasting a few months with a recurrence time of the order of decades (see van Paradijs & McClintock 1995 for a review). The X-ray transient V404 Cyg was discovered by Ginga at the start of its outburst in 1989 May (Makino et al. 1989 ) and its optical counterpart was promptly identied as the old Nova Cygni 1938 (Marsden 1989) . Two years later, Casares, Charles & Naylor (1992) discovered absorption features from the secondary star, which allowed them to determine the orbital period to be 6.5 d. They also determined the mass function to be 6.3 M , a value which is substantially higher than that of any other black hole candidate (see van Paradijs & McClintock 1995) . Further optical spectroscopy re ned these parameters and the spectral type of the secondary star (K0iv; Casares & Charles 1994) .
Optical spectroscopy has provided a lower limit to the mass of the compact object (through the mass function) and the binary mass ratio q from the rotational broadening of the secondary star absorption features (Marsh, Robinson & Wood; Casares & Charles 1994) . However, obtaining the mass of the compact object requires further measurements in order to determine the binary inclination i. Given the absence of eclipses, this can only be done by exploiting the ellipsoidal variations of the secondary star, i.e. the variations caused by observing the di ering aspects of the gravitationally distorted star as it orbits the compact object (see Shahbaz et al. 1994 and references within). These variations have been observed at optical (Wagner et al. 1992) and infrared (IR) wavelengths (Shahbaz et al. 1994) At optical wavelengths it is clear that the accretion disc contributes a signi cant amount of ux to the optical light curves, which makes any interpretation of these light curves somewhat dubious. This can be seen from the large scatter observed in the optical light curves of V404 Cyg (Wagner et al. 1992) . The veiling by the continuum emission from the accretion disc has been measured by Casares et al. (1993) . They nd that 84 percent or more of the optical ux close to H comes from the secondary star, a fraction which rises with increasing wavelength, while the veiling ratio falls. Therefore one would expect the veiling by the accretion disc to be very small or even negligible in the K band. However, it is also known that in low-mass X-ray binaries and cataclysmic variables the outer, cool regions of the accretion disc can be a strong source of IR radiation (e.g. Beall et al. 1984; Berriman, Szkody & Capps 1985) . Consequently, such possibilities cast doubts on whether the IR ux observed by Shahbaz et al. (1994) still has a residual contamination by the accretion disc. This implies that any interpretation of the ellipsoidal variations of the secondary star in the IR might be misleading. Here we obtain through IR spectroscopy a direct determination of the contamination of the IR ux by the accretion disc.
OBSERVATIONS
We obtained K-band (2.10{2.45 microns) spectra of V404 Cyg using the Cooled Grating Spectrometer (CGS4) on the United Kingdom 3.8-m Infrared Telescope on Mauna Kea, during the nights of 1995 June 29 and 30. The 75 l/mm c 0000 RAS grating was used with the 70 mm camera and the 256 256 pixel InSb array. We used integration times of 1280 secs for V404 Cyg and 80 secs for the K0iv template star. Atype stars were also observed in order to remove telluric atmospheric features. A journal of observations is presented in Table 1 .
The slit width was 1.23 arcseconds which corresponds to 1 pixel on the detector.The array was stepped over two pixels to minimise the e ects of bad pixels and stepped in steps of half-a-pixel to optimally sample the dispersion direction, giving a full width half maximum resolution of 34 A ( 460 km s ?1 at 2.25 microns). We employed the nondestructive readout mode of the detector in order to reduce the readout noise. In order to compensate for the uctuating atmospheric emission lines we took relatively short exposures and nodded the telescope primary so that the object spectrum switched between two di erent spatial positions on the detector. Throughout the observing run the slit orientation was north to south in the spatial direction. This combined with the image scale (1.23 arcsecs/pixel) implied that the V404 Cyg spectra with typical signal to noise ratio of about 50, also contained the spectrum of the faint line-ofsight nearby companion star 1.4 arcseconds north of V404 Cyg, which could not be accurately spatially resolved.
This companion star (K=14.3) almost certainly has a G{K spectral type and is a factor 6 fainter than V404 Cyg (K=12.4). This implies that it would be detected with a signal to noise ratio of a factor 2.5 less than for V404 Cyg.
DATA REDUCTION
The CGS4 data reduction system performs the initial reduction on the 2D images. These were bias and dark subtraction, at eld division, interlacing integrations taken at di erent detector positions, and co-adding and subtracting the nodded images (see Daly & Beard 1994) . In all the 2D images from the CGS4 reduction system the spatial and dispersion directions were not orthogonal, but inclined by 60 degrees. This slant was corrected by tracing the inclination of the arc spectra and then tting each line with a polynomial in order to transform the lines to the vertical. The resultant coe cients were then used to transform all of the other spectra. The residual sky background was removed from each frame and the spectra were then extracted by summing the counts in the three rows containing the object ux. The spectra were then reduced in three stages. Wavelength calibration using argon arc lamp exposures. We tted the arc spectrum with a second-order polynomial. The rms scatter of the ts was 1/3rd of a pixel (=5 A). With three coe cients tted to 14 lines the statistical uncertainty in the wavelength scale is of the order 1/7th of a pixel, corresponding to a velocity uncertainty of 30 km s ?1 . However, a more accurate estimate for the velocity uncertainty is the rms scatter of the arc line ts, of about 70 km s ?1 .
The next step was to remove the ripple arising from variations in the star brightness (i.e. changes in the seeing and sky transparency) between integrations at the di erent detector positions. A Fourier transform of the individual spectra revealed a 2.5 pixel periodicity, whose origin we do not fully understand, but is probably related to the array Table 1 . Journal of observations. The numbers in the comments column refer to the spectra on Figure 1 and sampling procedure (see section 2). We subtracted this ripple from each of the spectra by rst computing the Fourier transform of the spectrum and then subtracting the ripple at the observed frequency and amplitude. The telluric atmospheric features were removed by dividing the spectra to be calibrated by the spectrum of an A-type star (with its prominent stellar features masked out), observed at a similar airmass (within 0.05). For the ux standard we then multiplied the result by the known ux of the standard at each wavelength, determined using a blackbody function. This spectrum was used to ux calibrate all the other spectra.
We cross correlated all the V404 Cyg spectra with the template star spectrum in order to determine the velocity shift. Once this was done we applied the appropriate velocity shift and then binned all the spectra onto a uniform velocity scale. Figure 1 shows the individual and summed V404 spectra and the K0iv template star spectrum, normalised and shifted for clarity. Features marked with (*) are due to bad pixels. The best V404 Cyg spectrum is labelled (1), and was taken on the rst night when the atmosphere was relatively stable. The others are labelled (2) and (3) and were taken on the second night. The V404 Cyg spectra show Na I, Ca I, Mg I lines and the 12 CO, 13 CO bands in absorption. Note that the K0iv star shows Brackett-in absorption, whereas no corresponding feature is present in the V404 Cyg spectra. Our spectrum of V404 Cyg shows that the Brackett-line emission from the accretion disc is only su cient to ll in the intrinsic Brackett-absorption one expects from the K0iv star. The equivalent width of Brackett-in the K0iv star spectrum is -3.5 0.5 A whereas in the residual spectrum i.e. the spectrum of the accretion disc (see Figure 1 and section 4) it is 2.7 0.6 A. The 12 CO bands are the strongest features and so we will use these features in the next section to determine the fraction of light arising from the secondary star.
THE ACCRETION DISC CONTAMINATION
We optimally subtracted the template star from the V404 Cyg spectra. We subtract a variable fraction of the template star from the V404 Cyg spectrum, minimising the residual scatter between the spectra. The scatter in the residual spectrum is measured by carrying out the subtraction and then computing the 2 between the residual spectrum and a smoothed version of the residual spectrum. The 2 for different fractions of the template star is computed and tted with a parabola, and the fraction at the minimum value of 2 is taken to be the best t. The above analysis was per-Infrared spectroscopy of V404 Cygni: Limits on the accretion disc contamination 3 formed on the 12 CO bandheads in the spectral range 2.28{ 2.43 microns on the individual and summed spectra of V404 Cyg. Figure 1 shows the background light spectrum obtained by optimally subtracting the template star spectrum from the V404 Cyg summed spectrum. We nd that for the individual spectra and even the summed spectra of V404 Cyg, the K0iv secondary star contribution in the IR is 97 13 percent, and is most probably 100 11 percent (see Table  2 ). All quoted uncertainties are at the 90 percent con dence level, and the values of 2 have been increased by a scaling factor so that the minimum value for 2 was 1 (Lampton et al. 1976) . Using the result from the V404 Cyg summed spectrum, we can put a 95 percent upper limit to the accretion disc contribution of 11 percent. However, this formal upper limit of 11 per cent needs modifying slightly to take into account the possible contamination from the line of sight star for the case in which its spectral type is very close to that of V404 Cyg itself. With a magnitude of K=14.3, the line of sight star is 6 times fainter than V404 Cyg. If this is added to the spectrum of V404 Cyg, then our 11 per cent upper limit applies to this combined spectrum. The fraction of the disc relative to just V404 Cyg will then become 14 per cent, and that is the limit we formally adopt in our discussion. It should also be noted that, if the contaminating star is of a very di erent spectral type, with no signi cant CO features, then its contribution would have to be combined with the (similarly featureless) accretion disc, thereby reducing the disc contribution further.
DISCUSSION
In some cataclysmic variables there is observational evidence that the accretion disc contamination in the K-band is also low, 10 per cent. The upper limits to the fraction of light supplied in the K-band by the secondary star is 98, 83, 76 and 91 for AE Aqr, SS Cyg, RX And and IP Peg respectively (Berriman, Szkody & Capps 1985; Szkody & Mateo 1986) . The IR spectra of these cataclysmic variables also show emission lines arising from the optically thin gas in the accretion disc (Ramseyer et al. 1993; Dhillon & Marsh 1995) , such as Hei (2.0587 microns) and Brackett-(2.1655 microns). In contrast, the X-ray transient V404 Cyg shows no strong emission lines. This di erence may be related to the disc contribution, but other factors such as the di erences in the mass transfers rates and the physical nature of the accretion discs between the SXTs and the dwarf must also play a role. Shahbaz et al. (1994) obtained an IR light curve of V404
Cyg which showed a double humped feature characteristic of the ellipsoidal variations of the (K0iv) secondary star. They modelled these variations assuming all the IR ux was arising from the secondary star, and determined the mass of the compact object to be 12 M . Justi cation for this assumption comes from the analysis of the IR light curve of the transient Cen X{4 (Shahbaz, Naylor & Charles 1993) . The mass of the compact object in Cen X{4 is consistent with that of a canonical neutron star; the compact object has to be a neutron star because of the X-ray bursts observed during outburst (Matsuoka 1980 ). This provides indirect evidence that the contribution of the accretion disc to the observed IR ux is very small, at least for Cen X{4. However, we have now shown directly that this is also the case for V404 Cyg; the 95 per cent con dence upper limit to the accretion disc contribution to the observed IR ux being 14 percent.
However, Sanwal et al. (1996) estimate that the K band ux is contaminated by up to 17 percent by ux arising from the accretion disc. Clearly this does not agree with our observations, but their calculations assumed that the IR emission region radiates as a cool optically thick blackbody, whereas observations of dwarf novae in quiescence show this not to be the case (Berriman, Szkody & Capps 1985) . We can estimate the contamination to the observed H-band ux by using the colours of a K0iv star (Koorneef 1983) (1) where DH and DK are the accretion disc contamination at H and K respectively, and (H-K)KOIV is the intrinsic colour of the K0iv star. Using the colour excess EB?V =1.0 (Av=3.0; Shahbaz et al. 1994) we nd EH?K=0.2EB?V (Koorneef 1983) . From the observed magnitudes of H=13.0 (Sanwal et al. 1996) and K=12.4 (Shahbaz et al. 1994) this implies (DH-DK)=-0.3, i.e. the disc contamination in the H-band is 30 percent more than in the K-band. The same calculation, but using the (I-K) colours (Johnson 1966) implies that the estimate for the I band disc contamination is a factor 3 more than in the K-band. From the previous section we have estimated a 95 per cent upper limit to the K-band disc contamination of 14 percent, which using the above calculations imply 95 per cent con dence upper limits to the disc contamination in the I and H-band of 42 and 18 percent respectively. This upper limit for the I-band disc contamination is consistent agrees with the observed value near H of 13 percent (Casares & Charles 1994) .
The e ects of a signi cant contribution of the accretion disc to the observed IR ux will be to dilute the actual ellipsoidal modulation. Therefore the observed modulation will be smaller than the true value. Since the amplitude of the ellipsoidal modulation is correlated with the binary inclination (large amplitudes imply a high binary inclination), this means that modelling the observed light curves will underestimate the binary inclination.
We modelled the amplitude of the ellipsoidal variations as a function of the binary inclination. We used the same parameters as Shahbaz et al. (1994) : Te =4360 K, q=16.7 (Casares & Charles 1994) , a gravity darkening exponent of 0.08 (Lucy 1967) , and the limb darkening coe cient from AlNaimiy (1978) . Figure 2 shows the e ect of di ering amounts c 0000 RAS, MNRAS 000, 000{000 of contamination in the IR light curves on the mass of the compact object. For no contamination the mass of the compact object is 12 2 M (Shahbaz et at. 1994 ). If we take the 95 per cent con dence upper limit to the contamination of 14 percent, then the mass of the compact object is reduced by only 2 M . Using the size of the accretion disc measured by Casares (1996) with the absence of any observed eclipse of the secondary star or accretion disc, we can place an upper limit to the binary inclination of 77 degrees. This provides a rm upper limit to the K-band accretion disc contribution of less than 40 percent. (see Figure 2) . Even if it were this extreme, it would still imply a mass for the compact object of 7.4 M ; still a factor 2 greater than the maximum mass of a neutron star ( 3.3 M if it is rotating rapidly; Cook et al. 1994 ).
CONCLUSION
We have determined the contamination of the observed IR ux by the accretion disk in V404 Cyg. By optimally subtracting the secondary star spectrum (K0iv star) from the spectra of V404 Cyg we determined the accretion disc contribution. We place a 95 per cent con dence upper limit to the accretion disc contribution at 2.35 microns of 14 per cent. We nd that this disc contamination only e ects the determination of the mass of the compact object by at most 2 M . We believe that this fully justi es modelling the IR ellipsoidal variations of the secondary star in order to determine the binary inclination and hence the mass of the compact object. Modelling the light curves at shorter wavelengths can only be done successfully if the disc and secondary star components can be accurately disentangled.
